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INTRODUCTION
Now there is a revolutionary development of heat exchange systems of micro-and nanodimensions that are much more energy efficient than the macrosystems with channel dimensions of 3-10 mm. When reducing the thickness of the flat channels, the ratio of channel surface area to its volume increases inversely proportionally to its minimal cross dimension, and this causes the high heat transfer rate in microsystems. Such systems are becoming increasingly common in microelectronics, aerospace industry, transport, and power engineering.
In literature, there are different classifications of channels by their transverse dimensions. For example, the microchannels with the characteristic size of 10-300 µm, minichannels of 300-3000 µm, and convective channels larger than 3 mm are distinguished. However, classification, independent of the physical processes occurring in channels, seems artificial. A change in the flow regimes in most experiments is primarily determined by the influence of capillary and gravitational forces. The relative influence of capillary and gravitational forces can be described using the Bond criterion (Eötvös) or the ratio of channel diameter to capillary constant (Chinnov and Kabov, 2006) .
The studies on two-phase flows in channels with different geometries are reviewed in Chinnov and Kabov (2006) . It is shown that in most publications relatively long channels, where the conditions of liquid and gas entry to the channel do not have a significant effect on the structure of two-phase flow, are considered. In such systems, the length of the channels is two or more orders of magnitude higher than their transverse dimension. The short channels have broader prospects of use in technical applications, for example, in biochips and cooling devices for microelectronics. In the heat exchangers on the basis of short microchannels, sufficiently small pressure drops can be achieved. Despite the relevance of the study of two-phase flows in the short channels, the number of publications on this subject is very limited. The gas-liquid flows in the short horizontal minichannels were studied in Kabov et al. (2007) and Chinnov et al. (2009) . New flow regimes (intermittent, jet, and jet-bubble), which can be associated with new types of instability in the flow of binary mixture in horizontal rectangular channels, have been determined.
One important area in the study of two-phase flows in microchannels is the study of two-phase flow of freons. The two-phase flows of R134a and R245fa in tubes with the diameter of 0.509 and 0.790 mm were studied in Rahim et al. 
vertical orientation of the channel (2011). In such channels, the slug and annular flows dominated, and there was a small area of bubble flow, whereas the stratified flow was not observed. Data were analyzed and comparison with Taitel-Dukler and Ullmann-Brauner models was performed. A comparison of flow regime observations revealed that 67% of the empirically observed flow pattern data were correctly identified to the predictions of the Taitel-Dukler flow regime methodology. The UllmannBrauner model correctly predicted the appropriate flow regime for 81% of the reported data.
In Thome et al. (2013) , there is an attempt to summarize various works on the study of two-phase flow in microchannels. It is indicated that different authors use different criteria and distinguish different regimes of two-phase flow; therefore, it is difficult to perform a comparison with other works. The analysis of different regimes, presented in the literature, revealed that mainly five basic regimes (stratified, bubble, slug, annular, mist) and many sub-regimes (churn, semi-annular, ring-annular, frothy-annular, etc.) are used.
It is shown in Haverkamp et al. (2006) and Rebrov (2010) that the regimes of gas-liquid flow in microchannels depend significantly on the conditions of the introduction of phases in the upstream of the channel. Several initial sections were used in Haverkamp et al. (2006) . Gas moved along the microchannel and liquid was fed from two sides. The angle of liquid supply was changed. Under the different conditions of liquid supply, the boundaries of gas-liquid flows move in a regime map. Although the qualitative nature of the regime maps is kept, the features of the mixer and structure of the inlet section geometry considerably affect the position of the regime boundaries. The effects of such flow parameters as structure of inlet section, channel diameter, geometry of channel cross section, and hydrophilicity of the channel wall surface, surface tension, and liquid viscosity are analyzed in Rebrov (2010) . Evolution of the flow from tube inlet was examined in Zeguai et al. (2013) for a horizontal glass tube of 3 mm in inner diameter. All phase inputs can be divided into two fundamentally different groups: (1) the mixing input of different types, ensuring natural development of flow regimes (e.g., T-type mixer in the works of Haverkamp et al., 2006 and Rebrov, 2010) ; (2) the structured input, which ensured the smooth supply of liquid, without any stages and edges. (e.g., the smooth mixer in the works of Haverkamp et al., 2006 and Rebrov, 2010) . For the first case, there are many publications. In the present work the second case was investigated, the importance of which increases due to the rapid development of minisystems with relatively short channels. For such systems in some cases, the initially set regime will be kept along the whole flow (see for example Kabov et al., 2011) . Barajas and Panton (1993) studied the maps of the two-phase air-water flows in the tubes with diameters of 1, 1.6, and 2 mm. In the tubes of 1.6 and 2 mm diameters, the zone of stratified flow can be distinguished, and in the 1 mm capillary, the stratified flow is not observed. Cubaud and Ho (2004) studied the water-air flow in the square channels of 0.2×0.2 mm 2 and 0.525×0.525 mm 2 . The bubble, plug (wedging), slug, annular, and dried flow regimes were determined. Under the plug regime at low bubble velocities, the thin film of liquid between the bubble and the middle of the side channel wall was destroyed and a dry spot was formed. At high bubble velocities in the plug, slug, and annular flows, there was always a thin film between the bubble and the wall. At very high void fractions, the dispersed flow regime was formed when the walls of the channel were covered by the liquid droplets.
The gas-liquid flow in a square microchannel of 0.096×0.096 mm 2 was studied in Bi and Zao (2001) . As in the round channel, four flow regimes were distinguished. In the square channel, the area of annular-slug flow is reduced due to liquid redistribution in the corners of the square channel, where the liquid velocity is higher.
The boundaries of two-phase flow regimes are affected significantly by their geometry. The rectangular channels are more preferable for practical applications in the systems of microelectronic and other equipment cooling. These channels can ensure the maximal contact surface of heat removal. The main characteristics of experiments on the study of two-phase flow in the rectangular channels with the transverse size of below 500 µm are shown in Table 1 . 
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In the rectangular channels, the flow pattern corresponds qualitatively to the regimes in pipes, although the boundaries between the regimes differ greatly. There are two dimensions, and depending on their relationship the picture of the process changes significantly. Table 1 shows that the main studies of the two-phase flows were performed in channels with the aspect ratio of less than 5. In the papers of Beinusov et al. (1978) , Lowry and Kawaji (1988) , Xu et al. (1999) , and Hibiki and Mishima (2001) , the studies were carried out in vertical flat channels, and the gas-liquid flows in the horizontal channels with the aspect ratios of higher than 10 were examined only in Chinnov et al. (2009 ), Chinnov and Kabov (2008 .
It can be concluded that, despite the abundance of publications on the two-phase flows in microchannels, including the rectangular ones, the studies in the flat channels with a height of 100-300 µm and aspect ratio of more than 10 are extremely limited. However, this type of channels may be of the most demand when creating the cooling systems for high-performance electronics and in biochips. For example, the flat rectangular channels have a smaller surface area compared to the parallel rectangular channels with smaller aspect ratio of the cross section; hence, the single rectangular channel will provide a smaller pressure drop at a certain flow rate. In addition a single rectangular channel avoids a problem of uniform flow rate distribution between the multiple parallel microchannels. Moreover, at a single rectangular channel the problem of blockage of the parallel channels due to the boiling crises will not exist (Qu and Mudawar, 2004; Bergles and Kandlikar, 2005) .
The aim of this study is to investigate the regimes of two-phase flows and boundaries between them in the short (length of 80 mm) horizontal channels of 0.1×20 mm 2 , 0.1×30 mm 2 , and 0.2×34 mm 2 using the modern methods.
EXPERIMENTAL SETUP AND METHODS
Design of the test section and experimental methods are presented in Figs. 1 and 2. The main part of the test section ( Fig. 1) is a stainless steel plate with a length of 135 mm and width of 60 mm mounted on a textolite base. The plate was covered with an optical glass lid. The experimental setup included two computercontrolled circuits, which maintained the flow of liquid and gas phases. (16) high-precision peristaltic pump; (17) separating prism height 3. Air or nitrogen gas were supplied from a balloon 13. There were no significant differences between different gases Gas flow rate is regulated through a computer by flow control and measurement gauge 14. The gas was evacuated to the atmosphere from separator. The bottom of the channel is covered by the black coating absorbing light. The gas was introduced into the central part of the channel upstream of the nozzle. The liquid-gas interaction in the channel was monitored in region 2 by digital video and photo cameras in the Schlieren photography mode using the light beam reflected from the gas-liquid interface. A digital camera 4, optical knife 5 lenses 6 and light source 7 were used in the Schlieren method. To register the thin liquid films in the channel of 100 µm height, the modification of Schlieren method with an additional light source, located at some certain angle to the channel plane, was used. Experimental investigation of two-phase flow in a short horizontal rectangular channel with a height from 0.1 to 0.2 mm has been done. Flat spacers aligned in the flow direction, so that a channel of variable height can be created. The length of the channel was 80 mm. The width of the channel was varied from 10 to 34 mm. Distance from the gas nozzle to the liquid nozzle was 40 mm, which provides steady flow of gas at the moment it reaches the liquid. Twophase flow characteristics are monitored by different techniques: video camera, Schlieren, and fluorescence methods. The visualization of thin liquid films on the top and bottom walls of the channel was produced by using the Schlieren method. The use of the fluorescent methods made it possible to reveal the flow of liquid in the channel and to determine its characteristics quantitatively. As a result, the combination of the methods allows one to characterize with high accuracy two-phase flow regimes and identify the boundaries between them.
In addition, liquid-gas interaction in the channel was also studied by the method of laserinduced fluorescence that is based on the detection of light reradiated by a phosphor, which has a spectrum different from that of the exciting laser radiation. The liquid phase was distilled water with Rhodamine 6G fluorescent dye additive, while the gas phase was nitrogen or air. The exciting radiation was generated by laser 9 operating on a wavelength of 532 nm at a power of 50 mW. Cylindrical lens 6 extended the laser beam into a line, which crossed the liquid-gas flow at a distance of 52 mm downstream from the site of liquid entry into the channel nozzle. Reradiated fluorescence was monitored by digital camera 8 equipped with a stepped lowfrequency filter 10, which transmitted the light reradiated by the phosphor while rejecting the exciting laser radiation. We used a highspeed digital camera and a CCD detector that allowed the output signal to be digitized at a high discretization frequency (up to 2.1 kHz). Calibration of the measurement system has been performed under experimental conditions using the local intensity of the plane-parallel layer of the working liquid in the completely filled channel.
The Schlieren method is used for study of deformation and visualizing of the liquid film surface, Fig. 2 . The light from source 7 penetrates into the channel with a gas-liquid flow through a diffuser, lens 6, prism 17, and optical glass cover 11. Reflected from the gas-liquid interface, light through prism 17, lens 6, and filter was fed into camera objective 4. Knife 5, moved by microscrews, cut the central part of the light flux. As a result, the video camera recorded the intensity of light, reflected from the surface, separating gas and liquid, depending on the angle of this surface tilt relative to the axis of reference radiation.
As usual, the described methods were used separately. Sometimes, they were combined. Digital video was jointed with the fluorescence method. To register the thin liquid films in the channels, the modification of Schlieren method with an additional light source, located at a certain angle to the channel plane, was used.
The fluorescence and modified Schlieren methods were used to register a change in the liquid flow in time. New information allowed us to study the characteristics of the churn and stratified flows and the boundaries between the regimes of the two-phase flow.
EXPERIMENTAL RESULTS
The two-phase flow in the short horizontal rectangular channels was studied experimentally. Dependences of liquid distribution in the channel cross sections on time were obtained using the fluorescence method. The instant Schlieren images of the two-phase flow in the initial part of the channel at the distance of 40 mm from the liquid inlet to the channel were obtained. The thin liquid films on the wide channel were registered based on the Schlieren method. The combination of two methods allows us to fix the structure of the two-phase flow in channels accurately.
Using the information obtained by the fluorescence method, analysis of video, and visualization of Schlieren images, the main regimes of the two-phase flow were determined and the regime maps were plotted for the flow in different channels. The flow regimes in the channel with the width of 20 mm and height of 100 µm are shown in Fig. 3 . Superficial gas U SG and liquid U SL velocities, defined as the volumetric gas or liquid flow rate divided by the area of channel cross-sectional, are used in the figure as the coordinates. The following main flow regimes are distinguished: bubble, jet-drop, stratified, churn, and annular ones.
FIG. 3:
Regime map for the channel of 0.1 × 20 mm 2 . Flow regimes: 1 -churn, 2 -stratified, 3 -annular, 4 -bubble, 5 -jet-drop
Bubble Flow
In the range of high superficial velocities of liquid and low velocities of gas we observed the bubble flow regime. In this flow the main part of the channel is occupied by liquid, where the gas bubbles move. We observed the gas bubbles with the diameter from 1 to 10 mm. Sometimes bubbles merge (Fig. 4) , forming large bubbles. On the sides of the channel the liquid moves. There were no significant differences between the bubble flows in channels with different cross sections (0.1×20, 0.1×30, and 0.2×34 mm 2 ). With an increase in the gas velocity, the rate of nucleation increases and the bubble sizes did not change. For high superficial velocities of liquid at an increase in the superficial velocity of gas, the bubbles merged and bridges between the bubbles broke, forming the churn flow regime. For the low superficial velocities of liquid at an increase in the superficial velocity of gas, the bubbles merged, forming a gas jet, and the flow turned to the jet-drop one.
Jet-Drop Flow
In the range of low superficial velocities of liquid and gas from U SL = 0.003 m/s, U SG = 0.1 m/s to U SL = 0.2 m/s, U SG = 10 m/s, the jet-drop flows are observed. This regime is characteristic for the channels with the height below 300 µm. The gas-liquid jet with predominance of gas moved along one of the channel walls (Fig. 5 ). The liquid with small gas bubbles, typical for the bubble flow, moved along another channel wall. The feature of this regime in comparison with the higher channels is the presence of many drops in the gas jet. Two particular regimes that can be distinguished represent (i) formation of immobile drops on the channel wall due to liquid film or bridge breakage and (ii) appearance of mobile drops because of the two-phase flow instability. The characteristic drop diameter in this flow is from 100 µm to several millimeters. The flow regime, when the upper part of the channel is dry, is shown in Fig. 5 . In this case, the drops were not moved and existed long until their washing by a continuous liquid flow.
It was determined that in the zone of jet-drop flow, the effect of wetting of the upper channel surface becomes more intensive. Thus, in the channel of 0.1 × 30 mm 2 , where the value of the contact angle on the upper channel wall was lower as compared to the channel of 0.1 × 20 mm 2 , a constant thin liquid film existed on the upper and lower parts of the channel. In this case, the drops moved inside the channel: they slid along the liquid film above and below as shown in Fig. 6 . For low superficial velocities of gas and liquid, a considerable part of the channel was occupied by gas, where the droplets moved, and liquid flowed on the sides of the channel. The droplets formed at the entrance of the liquid into the channel. By increasing the superficial liquid velocity at a low gas superficial velocity, liquid filled the larger volume, the bridges were formed, and the flow became bubble. At high gas and liquid superficial velocities, the solid and broken bridges alternated, resulting in the churn flow. At low values of superficial velocities of liquid 2 at U SG = 1.6667 m/s, U SL = 0.0092 m/s. 1 -liquid, 2 -liquid film on the lower channel wall, 3 -liquid drop. Black arrow -direction of gas motion, white arrows -direction of liquid motion and high velocities of gas, the liquid film moved on the lower channel wall, and almost the entire cross section of the channel was occupied by gas, forming the stratified flow.
Churn Flow
The churn flow occupies a considerable part in the map. This flow was first registered in the vertical channels, and in the horizontal channels it was only observed when reducing their height to 1 mm (Kabov et al., 2007) . A transition from the bubble (with continuous liquid regions) to the churn regime was manifested by the appearance of breaks in the liquid. On the contrary, a transition from the jet to the churn regime was accompanied by formation of continuous (filled) stable regions, the number of which was greater than 1. At the boundary of the churn regime, there were 1-2 continuous liquid bridges per second. As the velocity of liquid increased, the number of these continuous bridges increased to 2-4 per second and eventually reached 6-8 per second. The churn regime relates to development of instability in the jet regime, which leads to increasing frequency of gas interaction with liquid supplied from the lateral sides of the channel. At transition to the annular flow, the continuous liquid bridges disappear. The destruction of bridges contributes to the appearance of stationary droplets on the walls of the channel (existing until washing by a continuous liquid flow). The Schlieren images of the churn flow (Fig. 7) do not provide comprehensive information about its structure. The figure shows that gas flows along one of the side walls together with liquid droplets, liquid with bubbles flows along another side wall. Such asymmetric behavior of flow is formed due to the influence of the initial section of the channel. In the center of the channel there is an interaction between these flows, resulting in foaming. However, it is difficult to determine the features of the churn flow by the Schlieren image, in particular, to register the broken bridges. In this case, the fluorescence method is very useful. An example of the churn flow is shown in Fig. 8 , where the time dependence of liquid distribution in the channel with cross section of 0.2 × 34 mm 2 is reconstructed on the base of glow brightness of fluorophore. It is clear that the churn regime is represented by alternation of continuous (filled) and broken liquid bridges.
The boundary between the churn and annular regimes of the two-phase flow in the channel with cross section of 0.2 × 34 mm 2 is shown in Fig. 9 . It was determined from the condition that all continuous (filled) liquid bridges disappear at transition to the annular flow. There were no significant differences between the churn flows in channels with different cross sections (0.1 × 20 mm 2 , 0.1 × 30 mm 2 , and 0.2 × 34 mm 2 ). 
Stratified Flow
In the range of low superficial liquid velocities, the transition from the jet-drop to the stratified liquid flow occurred at an increase in the superficial gas velocity. In this flow, a part of the liquid moved along the bottom wall of the channel in the form of a film entrained by the gas flow. Under the stratified regime, gas occupied almost the entire width of the channel. Only in a narrow area along the side walls of the channel liquid filled its full height. According to Fig. 10 , gas flows in the center of the channel, occupying the most part of its cross section. Under the influence of the gas flow, liquid distributes as a smooth film on the bottom wall. In the gas flow, there are the liquid droplets. An increase in the superficial liquid velocity leads to the loss of stability of interface also in this flow. In the side part of the channel, the disturbances developed and liquid was ejected into the center of the channel. On the upper channel wall, a liquid film was formed (Fig. 11) . At a further increase in the superficial velocity of liquid, the area of the film flow at the upper boundary of the channel increased and transition to the annular regime occurred. 
Annular Flow
In the annular flow regime, liquid moves along the channel walls as a film, and gas with droplets forms the flow core in the central part of the channel. Gas occupies much more volume than liquid. As compared to the stratified flow, under the annular flow regime the film in the upper part of the channel occupies a large area. In the side parts, there are the contacts with the lower film, resulting in formation of the annular flow. According to Table 2, the transition from the stratified regime to the annular one is accompanied by a significant increase in the area of the film at the top of the channel. At low superficial velocities of liquid, the film in the top part of the channel occupies a small area (for U SL = 0.0138 m/s the film occupies 23.1% of the upper wall area). By increasing the superficial liquid velocity to 0.0346 m/s, the film on the upper wall of the channel occupies half of the area. By increasing U SL to 0.0692 m/s, the film covers almost the entire area of the upper wall (Fig. 12) . At the higher superficial liquid velocities, the film on the upper channel wall is formed immediately after the liquid input to the channel like it occurred in the channel of 0.1 × 30 mm 2 .
COMPARISON OF THE FLOW REGIME MAPS
The regime maps of the two-phase flow for the channels with the height of 100 µm are compared in Fig. 13 . It can be seen that with an increase in the channel width the region of the churn flow expands significantly. With an increase in channel width, the area of the stratified flow also increases (the boundary between the stratified and jet-drop regimes shifts toward the lower superficial velocities of gas). With increasing width of the channel, the annular flow is formed at slightly higher superficial velocities of gas, and the area of the jet-drip flow is reduced by expanding the area of (Chinnov et al., 2009 ). The figure shows that with an increase in the height of the channel, the churn flow decreases significantly; the churn flow starts being formed at the higher superficial liquid velocities. In the large channels, the bubble flow is formed at higher superficial liquid velocities. With an increase in the channel height, the region of the jet-drop flow expands also. The intensity of droplet formation decreases with an increase in the channel height. In sufficiently large channels (more than 200 µm in height), the drops stop being formed. The zone of the annular flow shifted toward the higher superficial velocities of gas with increasing channel height. The region of the stratified flow does not change with a change in the height of the channel.
CONCLUSION
Laser-induced fluorescence and Schlieren techniques have been used for study of gas-liquid flow inside the channels. The typical regimes of two-phase flow in the channel (bubble, churn, stratified, and annular) were detected. New information allows us to define the characteristics and boundaries of the two-phase flow regimes in the short rectangular horizontal channels (L = 80 mm, b = 20-34 mm, h = 0.1, 0.2 mm).
A new two-phase flow regime (the gas jet-drop one) was discovered in the short horizontal rectangular channels. The characteristics of the churn regime were defined to specify the boundaries between the regimes of the two-phase flows.
It is shown that with an increase in the channel width, the zone of the churn flow expands significantly, reducing the areas of the bubble and jet-drop flows. The area of the stratified flow shifts toward the lower superficial velocities of gas. With an increase in the channel height, the areas of the churn and bubble flow regimes decrease significantly, causing a considerable expansion of the areas of the jet-drop and annular flows. The area of the stratified flow does not change.
FIG. 14:
Comparison of regime maps for the channels with the width of 30 mm, height of 100, 200, and 440 µm. Regimes in channels: I -bubble; II -churn; III -annular; IV -stratified; V -jet-drop; VI -slug. Channel cross sections: 1 -0.1 × 30 mm 2 ; 2 -0.2 × 34 mm 2 ; 3 -0.44 × 30 mm 2 (Chinnov et al., 2009) 
